Summary The present study investigated leaf water transport properties in trembling aspen (Populus tremuloides) leaves. Leaf lamina hydraulic conductance (K lam ) and stomatal conductance (g s ) were drastically suppressed by NaF (a general metabolic inhibitor). In leaves treated with 0.2 mM HgCl 2 (an aquaporin blocker), K lam declined by 22% when the leaves were sampled in June but the decline was not significant when the leaves were sampled in August. The leaves sampled in June that transpired 30 mM β-mercaptoethanol following mercury application showed similar K lam as those in control leaves transpiring distilled water. When leaves were pressure-infiltrated with 0.1 mM HgCl 2 , K lam significantly declined by 25%. Atrazine (a photosystem II inhibitor) drastically reduced leaf net CO 2 uptake by the leaves from seedlings and mature trees but did not have any effect on K lam regardless of the irradiance at the leaf level during the K lam measurements. When PTS 3 (trisodium 3-hydroxy-5,8,10-pyrenetrisulphonate) apoplastic tracer was pressure-infiltrated inside the leaves, its concentration in the leaf exudates did not change from ambient light to high irradiance treatment and declined in the presence of HgCl 2 in the treatment solution. Trembling aspen K lam appears to be linked to leaf metabolism and is uncoupled from the short-term variations in photosynthesis. Aquaporin-mediated water transport does not appear to constitute the dominant pathway for the pressure-driven water flow in the leaves of trembling aspen trees.
Introduction
The ability of plants to supply water to the foliage ultimately determines their productivity, competitiveness and survival. Leaves account for >30% of the hydraulic resistance in the whole plant (Sack and Holbrook 2006) . Inside leaves, water supply at the evaporative sites is sustained by water flowing from the vein network to the extravascular compartment through the bundle sheath and mesophyll cells.
Leaf hydraulic conductance is highly dynamic and shows diurnal and annual variations , Lo Gullo et al. 2005 . Rapid responses of leaf hydraulic conductance to changes in temperature and irradiance were attributed to the participation of water channel proteins (aquaporins) in leaf water transport , Tyree et al. 2005 . However, the exact site of water evaporation inside the leaf and the partitioning of leaf hydraulic resistance are still the matters of debate. The accumulation of apoplastic dyes in the xylem of minor veins in leaves suggests that water enters the bundle sheath cells before leaving the xylem (Canny 1995) . More recently, fluorescent apoplastic tracers in pressure-infiltrated leaves revealed that leaf veins can be leaky in the radial direction or can show prevailing axial transport (Salleo et al. 2003) . The current consensus is that the leaf xylem hydraulic resistance is of about the same order of magnitude as that of the extravascular pathway, and that plant species vary in their partitioning of leaf hydraulic conductance (Sack and Holbrook 2006) . Therefore, the contribution of aquaporins to leaf hydraulic conductance likely varies between plant species.
Leaf hydraulic conductance measures the contribution of both vascular and extravascular pathways for water movement inside leaves. The hydraulic conductivity of xylem can be rapidly modulated by changes in the pH or ion concentration of the xylem sap (Zwieniecki 2001 , Gascó et al. 2006 , as mediated by phloem (Zwieniecki et al. 2004 ). In the leaf veins, xylem and phloem are adjacent to each other and surrounded by the bundle sheath cells. Apart from embolism, it is not known if active regulation of xylem hydraulic conductivity takes place in leaves. In the extravascular compartment of the leaf, aquaporin participation in leaf water transport has been inferred from: (i) aquaporin presence in mesophyll, epidermis and bundle sheath cells (Robinson et al. 1996 , Hachez et al. 2008 , Sakurai et al. 2008 ; (ii) upregulation of PIP2 transcript levels in walnut leaves with light-induced high hydraulic con-ductance (Cochard et al. 2007) ; (iii) cell-pressure probe measurement of hydraulic parameters in epidermal, midrib parenchyma cells and bundle sheath cells (Kim and Steudle 2007 , Ye et al. 2008 , Lee et al. 2009 ); and (iv) HgCl 2 inhibition of leaf hydraulic conductance , Lovisolo and Schubert 2006 , Sellin et al. 2008 , Voicu et al. 2008 . Based on rehydration kinetics, Zwieniecki et al. (2007) suggested that leaves do not function as a single pool of water but as multiple compartments with different hydraulic resistances.
The transport of water in leaves is functionally related to leaf photosynthetic capacity , Brodribb and Holbrook 2003 , Franks 2006 . Leaves with higher photosynthetic capacity need a greater supply of water which is usually accomplished by a greater investment in venation construction and density Sõber 2001, Sack et al. 2004 ). Since light conditions constantly change due to fluctuations in cloud cover and shading patterns, photosynthetic rates also undergo rapid changes. Information about how leaf hydraulics respond to light variations is starting to emerge. However, there is still little evidence for a link between photosynthesis and leaf hydraulic conductance.
Trembling aspen is a shade-intolerant tree widespread in North America (Preston 1976) . During the day, trembling aspen stomata tend to remain open even under changing light conditions (Tobiessen and Kana 1974, Roden and Pearcy 1993b) and, as a consequence, a high amount of water is transported through its leaves. Studies of water transport in a related European species, Populus tremula, suggest that protoplast traits are more important in determining the variability of K leaf than xylem or parenchyma cell wall traits , while the inhibition of K leaf by HgCl 2 showed that the foliar protoplast and apoplasts influence equally the seasonal dynamic of K lam . In the present study, we used various water transport inhibitors and an apoplastic tracer dye to study the properties of leaf water flow in trembling aspen leaves. The results of our study are consistent with the notion that there is a strong link between leaf metabolism and water flow in leaves, but they do not provide strong support for a major involvement of aquaporins in leaf water transport of trembling aspen leaves.
Materials and methods

Plant material
Shoots were collected early in the morning from mature (~25 years old) trembling aspen (P. tremuloides Michx.) trees growing near the University of Alberta Campus, Edmonton, AB, Canada. Tree branches were excised, immediately placed in a container with distilled water and brought to the laboratory. The shoots were re-cut under water and randomly assigned to experimental treatments.
For the experiment involving seedlings, trembling aspen seeds were collected from trees growing in Edmonton, AB, Canada and germinated on moist sand in Petri dishes. Six days after germination, seedlings were transferred to 60-ml styrofoam containers (Super Block, Beaver Plastic, Edmonton, AB, Canada) filled with a mixture of sand, peat and perlite (3:3:1, by volume). Seedlings were grown for 4 weeks in a growth room set to 18-h photoperiod, photosynthetic photon flux (PPF) of 350 μmol m −2 s −1 (at the upper leaf level), 22/18°C (day/night) temperature and 70% relative humidity. After 4 weeks, the seedlings were transferred to 1.5-l pots containing equal volumes of sand and Pro-Mix BX growing media (Premier Horticulture Ltd, Dorval, PQ, Canada) and moved outside in May until the following February when the seedlings were moved to a greenhouse. The conditions inside the greenhouse were set to 20/16°C (day/night) temperature, 16-h photoperiod, 65% relative humidity and natural light supplemented by 400-W high-pressure sodium lamps (Lumalux, GTE Sylvania, Drummondville, PQ, Canada). During their active growth, the seedlings were watered and fertilized weekly with 1% (w/v) solution of N-P-K (20-20-20) commercial fertilizer.
Absolute leaf (K L ) and petiole (K P ) hydraulic conductance A high-pressure flowmeter (HPFM, Dynamax Inc., Houston, TX) was used to measure K L . Petioles were excised under water and the leaves connected to HPFM using compression couplings. The leaves were then perfused with water at constant pressure for a single leaf with the pressure ranging between 0.3 and 0.45 MPa for different leaves. Typically, leaves were placed in a water-filled container during K L determinations to minimize temperature fluctuations. A computer recorded the flow and saved it as a mean every 60 s. K L was recorded when the flow stabilized. With the leaf still connected to the HPFM and under constant pressure, the leaf lamina was cut. The flow stabilized within 1-2 min. When the flow was stable, the petiole conductance (K P ) was calculated as the mean of the last six stable readings. Leaf area was determined with a leaf area meter (LI 3100, LI-COR, Lincoln, NE).
Determination of leaf lamina hydraulic conductance (K lam ) and of petiole hydraulic conductivity (K pet )
The absolute hydraulic conductance of the leaf lamina (K LAM ) was calculated as et al. 2002) . Leaf lamina hydraulic conductance (K lam ) was determined by dividing K LAM by leaf area . All measurements were performed at ambient temperature. During exposure to high irradiance, the temperature of water bath, where the leaf was placed, increased <0.8°C. Therefore, no corrections of K L for temperature were performed.
Petiole hydraulic conductivity (K pet ) was calculated as K P multiplied by petiole length .
Fluoride treatment
Shoots were placed with their cut ends in either filtered distilled water (control) or 1 mM NaF and kept in ambient light (<15 μmol m −2 s −1 PPF) for 24 h. After 0, 1, 3, 5 and 24 h, stomatal conductance (g s ) was measured on randomly selected leaves with a steady-state porometer (LI-1600, LI-COR). Following g s measurements, leaves were excised and used for K lam determinations as described above with a few modifications. To minimize the effect of fluoride on stomatal opening, leaves were enclosed during K leaf measurements in a dark container covered with aluminum foil and kept in the air. Following perfusion with water, the flow stabilized within 40-50 min. The leaf hydraulic conductance was computed as the mean value of the last six measurements. At time 0 h, K lam was measured only for control leaves. Six leaves were measured for each treatment at each time point.
Mercury and β-mercaptoethanol treatments
Individual leaves from mature trembling aspen trees were connected through their petioles to containers filled with 0.2 mM HgCl 2 solution and placed under high irradiance. After 1 h, leaf gas exchange parameters were measured, and then the leaves were connected to the HPFM and their K leaf and K pet measured for 60 min in ambient light. Another set of leaves was treated for 1 h with 0.2 mM HgCl 2 treatment and then, the leaves were connected to containers filled with a solution of 30 mM β-mercapthoethanol (ME) and placed back under high irradiance for another 1 h. Leaf gas exchange parameters, K leaf and K pet were then measured. Control leaves were similarly treated with distilled water instead of HgCl 2 . The leaves were collected in June and August. For the leaves collected in August, no additional ME treatment was performed.
Since mercury can bind to the leaf cell walls (Beauford et al. 1977) , infiltration was also carried out under pressure using pressure chambers (PMS Instruments, Corvallis, OR) with leaves collected in the beginning of July. Leaves were connected through their petioles to tubing that passed through a hole in the lid of a pressure chamber and rested on the bottom of a container placed inside the pressure chamber. The containers contained either 0.1 mM HgCl 2 or distilled water. The pressure was raised to 0.4 MPa and kept constant for 90 min while leaves were kept in ambient light. Leaves were also enclosed in plastic bags and the solution coming out of the leaves was saved and examined for mercury content. Subsequently, K leaf was measured for 50 min in ambient light. K lam was computed as the mean value of the last six HFPM readings. Five to nine leaves were used for each treatment.
Atrazine treatment
Pressure couplings and tubings were used to connect individual leaves to containers filled with 0.5 mM atrazine or distilled water, which were then placed under high irradiance (about 1000 μmol m −2 s −1 PPF) provided by LED lamps (BL-300 series, Lamina Ceramics, Westampton, NJ) for about 35 min for the seedling leaves and 25 min for the leaves from mature trees. At the end of the treatment time, leaf gas exchange parameters were measured at the same PPF with an infrared gas analyzer (LCA4, Hoddesdon, UK). Following gas exchange measurements, leaves were connected to the HPFM and their K leaf and K p were determined. For the seedlings, K leaf was measured either in ambient light or in high irradiance for 40 min. For the leaves from mature trees, K leaf was measured for 30 min in high irradiance followed by 30 min in ambient light. Two leaves from each randomly selected seedling or branch (for mature trees) were sampled and assigned to one of the two treatments. Six leaves were measured for each treatment from a total of six seedlings or branches.
HgCl 2 effects on PTS 3 transport and pH changes in leaves
To investigate water flux through trembling aspen leaves, we used the fluorescent tracer dye trisodium 3-hydroxy-5,8,10-pyrenetrisulphonate (PTS 3 ; Zwiazek 2004, Voicu et al. 2009 ). The dye molecules are not transported across cell membranes and do not bind to cell walls since they are negatively charged (Hanson et al. 1985 , Moon et al. 1986 ). In the present study, a container filled with 0.02% (w/v) PTS 3 was placed inside a pressure chamber. Tubing, with one end immersed in the PTS 3 solution inside the pressure chamber, was passed through the rubber lid of the pressure chamber and connected to the leaf petiole through compression couplings at the outside end. The pressure inside the pressure chamber was increased to 0.4 MPa to force the PTS 3 solution into the leaf. The first droplets coming out of the stomata were wiped with a paper towel, and then the leaf was enclosed in a transparent plastic bag placed on the bench under ambient light (PPF <15 μmol m −2 s −1 ) and the leaf exudates collected in the bag (about 0.5 ml of solution). To collect another fraction, the leaf was wiped dry with a paper towel, enclosed in a new plastic bag and placed under high irradiance (PPF of about 1200 μmol m −2 s −1 ) as provided by LED lamps. For the subsequent leaf exudate collection, the tertiary veins, secondary veins and the leaf blade were successively severed with a razor blade and the corresponding leaf exudates collected as described above. A micro pH probe (Jenco Electronics, Taipei, Taiwan) was used to measure pH of the different fractions. The concentration of PTS 3 in all fractions was measured with a Sequoia-Turner 450 fluorometer (Apple Scientific, Chesterland, OH) using an excitation wavelength of 405 nm and an emission wavelength of 515 nm (Voicu and Zwiazek 2004) . The concentrations of PTS 3 were determined from a standard curve prepared from known PTS 3 concentrations. Five different leaves were used for each treatment.
To determine the effects of mercury on PTS 3 transport, leaves were pressure-infiltrated at 0.3 MPa with either the control solution consisting only of 0.02% PTS 3 or with the solution consisting of 0.1 mM HgCl 2 in 0.02% PTS 3 . The leaves were enclosed in plastic bags, placed under a high irradiance source, and the leaf exudates collected as described above. Three fractions were collected at 1-h intervals. The leaves were wiped dry with paper towels and enclosed in new plastic bags before a new fraction was collected. . Effects of 1mM NaF on (A) stomatal conductance (g s ), (B) lamina hydraulic conductance K lam and (C) petiole hydraulic conductivity K pet of leaves from mature trees of trembling aspen (P. tremuloides). Shoots were placed with their cut end in either distilled water or a solution of 1 mM NaF for 24 h in ambient laboratory light. Leaves were sampled at different times and g s , K lam and K pet successively determined. Least squares means ± SE are shown (n = 6). * represent significant differences from the distilled water treatment (P ≤ 0.05). Table 1 . Effects of different experimental treatments on net CO 2 uptake, transpiration rates and leaf temperature of trembling aspen (P. tremuloides) leaves. ANOVA probability values (P) for treatment differences are given. Following gas exchange measurements, K lam was determined as shown in Figures 2 and 3 . Values represent least square means ± SE (n = 5-9). Values followed by different letters are statistically significant.
Experiment
Treatment Net CO 2 uptake Transpiration rate Leaf temperature 
Statistical analysis
Statistical analyses were performed using the Mixed or t-test Procedures of SAS (version 9.1, SAS Institute, Cary, NC). Residuals were checked for normality and variance homogeneity. Differences among treatment means were tested for significance at P = 0.05. Correlation analysis of K lam with the net CO 2 uptake, g s and leaf temperature was done using the Spearman correlation test for non-normal data.
Results
Fluoride effects on g s , K lam and K pet
Stomatal conductance decreased by 50% after 3 h of 1 mM NaF treatment (P = 0.027) and remained significantly lower than in control leaves after 5 and 24 h of treatment ( Figure  1A ). When compared to control leaves, K lam of NaF-treated leaves decreased by 24% (P = 0.049), 66% (P < 0.0001) and 62% (P < 0.0007) after 3, 5 and 24 h of treatment, respectively ( Figure 1B ). Lamina hydraulic conductance of control leaves that were kept for 24 h in ambient light decreased by 38% (P = 0.0005, Figure 1B ). Compared to the initial values for control leaves, K lam of leaves treated for 24 h with 1 mM NaF decreased by 78% (P < 0.0001). However, K pet was not affected by the treatment ( Figure 1C ). For control leaves that were kept for 24 h in ambient light, there was a 10% decline in K pet (P = 0.140).
Mercury and β-mercaptoethanol effects on gas exchange rates, K lam and K pet In June, net CO 2 uptake, transpiration rates and leaf temperature were not affected in the leaves that absorbed 0.2 mM HgCl 2 solution for 1 h or 0.2 mM HgCl 2 + 15 mM ME for 1 + 1 h (Table 1) . For the 0.2 mM HgCl 2 treatment, K lam was reduced from 3.60 ± 0.27 × 10 −4 to 2.80 ± 0.27 × 10 −4 kg s Figure 2A ). Application of ME after 0.2 mM HgCl 2 treatment restored K lam to 3.34 ± 0.41 × 10
as compared to 3.14 ± 0.45 × 10 −4 kg s −1 MPa −1 m −2 for control leaves (P = 0.666, Figure 2A) . Similarly, K pet decreased in HgCl 2 -treated leaves by 30% compared with the control (P = 0.053) while ME restored K pet to the values close to those in control petioles (P = 0.512, Table 2 ). For the leaves measured in August, the application of 0.2 mM HgCl 2 for 1 h had no effect on gas exchange rates (Table 1) . At the same time, the reduction in K lam due to HgCl 2 treatment was small from 2.57 ± 0.22 × 10 −4 to 2.20 ± 0.22 × 10 −4 kg s −1 MPa −1 m −2 and was not statistically significant (P = 0.245, Figure 2A ). Mercury treatment also reduced K pet (P = 0.080, Table 2 ). When 0.1 mM HgCl 2 was pushed under pressure inside leaves, K lam significantly decreased from 4.1 ± 0.44 × 10 −4 to 3.1 ± 0.44 × 10 −4 kg s −1 MPa −1 m −2 (P = 0.030, Figure   2B ). K pet was not affected by the treatment (Table 2) . Mercury concentration in leaf exudates was 13.68 ± 1.69 mg l
for HgCl 2 -treated leaves and 0.04 ± 0.01 mg l −1 for distilled water-treated leaves (P = 0.015, Figure 2B ). This compares with 20 mg l −1 Hg present in 0.1 mM HgCl 2 solution.
Atrazine effects on gas exchange, K lam and K pet
Atrazine application significantly reduced net CO 2 uptake in the leaves from seedlings and mature trees ( Figure 3A , P < 0.05). The 0.5 mM atrazine treatment did not have an effect on K lam of seedling leaves measured in ambient light ( Figure  3B ) or under high irradiance ( Figure 3C ). The K lam values of leaves from mature trees were also not affected by atrazine treatment whether measured in ambient light or under high ) inside individual leaves for 90 min (n = 9). The broken line represents changes in the Hg 2+ concentration of leaf exudates (n = 3) for different treatments. Least squares means ± SE are shown. * represent significant differences from the distilled water treatment (P ≤ 0.05). ) of trembling aspen (P. tremuloides) leaves as measured for different experiments and ANOVA probability values (P) for treatment effects within an experiment. The corresponding values of K lam that were determined before the measurement of K pet are shown in Figures 2-3 , as indicated. Values are least square means ± SE (n = 5-9).
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Correlation of K lam with photosynthesis, g s and leaf temperature
For all the experiments, gas exchange parameters and K lam values were pooled together and analyzed for significant trends. There was no correlation between K lam and net CO 2 uptake ( Figure 4A ). Lamina hydraulic conductance was significantly and positively correlated with g s ( Figure 4B) ; however, the non-linear correlation coefficient was small (r Spear = 0.32). A negative, significant and non-linear correlation was also detected between K lam and leaf temperature ( Figure 4C ), but with a small correlation coefficient (r Spear = 0.23).
Changes in pH, PTS 3 concentration and HgCl 2 effects in leaf exudates
When the leaves were pressure-infiltrated, there was a small pH decline in the leaf exudates regardless of the irradiance ( Figure 5A ). The pH of the exudates collected after successively severing different order veins increased slightly and was comparable with the pH of the infusion solution ( Figure  5A ). However, none of these differences were significantly different (P = 0.096).
The PTS 3 concentration in the leaf exudates decreased for both ambient light and high irradiance treatments compared to the PTS 3 concentration of the infusing solution. However, the PTS 3 concentration was not affected by the irradiance level (ambient light versus high irradiance; Figure 5A ). A significant increase in the PTS 3 concentration was observed after tertiary veins were cut open (P = 0.002). The PTS 3 concentration decreased again in the exudates collected from secondary veins and petiole.
The PTS 3 concentration of the infusion solution decreased by about 40% (P = 0.0007) in both control and mercury-treated leaves ( Figure 5B ). The PTS 3 concentration in mercury-treated leaves remained lower than in control leaves throughout the remainder of measurement times ( Figure 5B ). 
Discussion
We have previously shown that K lam in bur oak is strongly affected by light intensity during HPFM measurements and that this response is altered by different chemical inhibitors (Voicu et al. 2008 ). The present study examined K lam in trembling aspen trees and seedlings which, in contrast to bur oak, do not exhibit a light response. The results suggest that K lam in trembling aspen is strongly linked to the leaf metabolism, but not to photosynthesis, or more specifically, to the activity of photosystem II. The chemical inhibitor atrazine which we used in the present study inhibits PS II electron transport (Hall et al. 1999 , Oettmeier 1999 . In the present study, K lam decreased by almost 40% in control leaves kept for 24 h in ambient light ( Figure 1B) . Similar effects were previously reported in shoots of six different deciduous trees that showed about 50% reduction in hydraulic conductance after 6 days in darkness . In shoots kept for 11 h under high irradiance, K leaf increased for the first 9 h and then it started to decline (Sellin et al. 2008) . Therefore, the decline of hydraulic conductance in leaves kept under low light conditions for 24 h could be in- Changes in pH and PTS 3 concentration in leaf exudates collected by pressure-infusing a solution of 0.02% PTS 3 through the petioles of trembling aspen (P. tremuloides) leaves from mature trees. The leaves were exposed to ambient light (PPF < 15 μmol m −2 s −1 ) followed by high irradiance (1000 μmol m −2 s −1 PPF). Tertiary and secondary veins were then successively severed. Finally, the leaf blade was detached and the petiole exudate collected. The values represent least squares means ± SE (n = 5-6). The PTS 3 treatments with different letters represent significant differences (P ≤ 0.05) after Tukey adjustment. (B) The influence of mercury on the concentration of a PTS 3 solution infiltrated in trembling aspen (P. tremuloides) leaves from mature trees. Leaves were pressure-infiltrated through their petioles with either 0.02% PTS 3 or 0.1 mM HgCl 2 in 0.02% PTS 3 for 3 h in high irradiance (about 1200 μmol m −2 s −1 PPF). The solution coming out of stomata was collected at different time intervals from the beginning of the infiltration and its PTS 3 concentration determined. Initial PTS 3 values represent the PTS 3 concentration in the solution used to infiltrate the leaves. Least squares means ± SE (n = 5) are presented. * represent significant differences within the collection time (P ≤ 0.05).
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TREE PHYSIOLOGY VOLUME 30, 2010 directly due to energy deprivation of leaf cells , to some water loss by the foliar protoplasts without leaves losing turgor or to reduced stem hydraulic conductance due to occlusion of the cut vessels by wounding or debris. In the present experiment, a much larger decrease was brought about by fluoride application. Treatment with 1 mM NaF decreased both leaf hydraulic conductance and stomatal conductance ( Figure 1A and B) . Fluoride is a general metabolic inhibitor that can affect cellular respiration and protein phosphorylation Shay 1988, Kamaluddin and Zwiazek 2003) . In trembling aspen, fluoride decreased root water movement through the inhibition of aquaporin-mediated transport (Kamaluddin and Zwiazek 2003) . In the present study, the application of fluoride had no effect on K pet and possibly did not affect the conductance of leaf veins. The inhibition produced by fluoride shows that a large proportion of K lam in trembling aspen is influenced by the leaf metabolism and, possibly, by membrane-mediated transport processes.
The water permeability of plasma membranes is affected by the abundance and activity of aquaporins (Maurel et al. 2008) . Aquaporins are present in leaves and recent studies have suggested their involvement in regulating leaf hydraulic conductance , Cochard et al. 2007 ). In the present study, we used HgCl 2 , a known blocker of aquaporinmediated transport, to examine the contribution of aquaporinmediated transport to K lam . Mercury decreased K shoot and K lam in different herbaceous and tree species including P. tremula Sõber 2005, Nardini et al. 2005 , Lovisolo and Schubert 2006). We previously found K lam to vary in trembling aspen during the season (unpublished data). Since the effects of mercury on K lam can change during the growing season , we treated leaves with mercury both in June, after they completed elongation, and in August, just prior to senescence. In June, mercury decreased K lam by about 22%. The same trend was observed in K pet where the decrease induced by mercury treatment was marginally significant. Reducing agents are often used to restore water transport following mercury treatment of roots and leaves (Wan and Zwiazek 1999, Nardini et al. 2005) . In the present study, β-mercaptoethanol restored both K lam and K pet . In August, K lam was lower than in June and mercury had only a small effect on K lam . Seasonal changes in the hydraulic conductance of both protoplast and apoplast can affect the seasonal change in K lam . In June, the contribution of foliar protoplasts to K lam was likely greater than for the leaves collected in August as also observed in the related species Populus tremula (Aasamaa and Sõber 2005). For the leaves collected in August, the properties of the apoplast were likely more important in determining K lam . Since Hg 2+ can bind to the cell walls (Beauford et al. 1977) before reaching the sites of inhibition at the plasma membrane, we infiltrated the leaves under pressure with a solution of 0.1 mM HgCl 2 . Subsequently, K lam significantly decreased by about 24%. At the same time, the concentration of Hg 2+ in the solution coming out of the leaves was about 1000 times greater than that of the control and, at about 65 μM Hg 2+ (13 mg l −1 ), sufficiently high to block mercury-sensitive aquaporins of the plasma membranes (Henzler and Steudle 1995 , Wan and Zwiazek 1999 , Zhang and Tyerman 1999 . The 22-24% inhibition of K lam induced by HgCl 2 in the present study suggests that apoplastic pathway predominates in trembling aspen leaves. Although some of the aquaporins are mercury insensitive (Daniels et al. 1994) , it is unlikely that their contribution could be largely responsible for the relative insensitivity of water flow to mercury in trembling aspen leaves. Aquaporins can be gated by mechanical stresses such as pressure (Lee et al. 2005) . However, constant external pressures of 0.3 or 0.1-0.2 MPa have been previously used to successfully probe the activity of aquaporins in roots (Wan and Zwiazek 1999, Voicu and Zwiazek 2004) and leaves (Cochard et al. 2007, Kim and Steudle 2007) . In leaves that are pressure-infiltrated with solutions, there may be substantial pressure dissipation between the main veins and the minor veins where water leaves the xylem . Therefore, in the present study, the effect of the external pressure on aquaporin activity was probably small.
To further investigate the contribution of apoplastic water transport in trembling aspen leaves, we used a fluorescent dye (PTS 3 ) as an apoplastic tracer and measured changes in both PTS 3 concentration and the pH of leaf exudates. Light can acidify leaf apoplast by stimulating proton extrusion by the plasma membrane H + -ATPase (Mühling et al. 1995 , Shabala and Newman 1999 , Stahlberg and Van Volkenburgh 1999 . This acidification of apoplast may influence leaf hydraulic conductance . In our study, the slight acidification that may have occurred in the minor veins-mesophyll compartment was not sensitive to the level of irradiance ( Figure 5A ). This is consistent with the insensitivity of K lam to irradiance ( Figure 3D ). Contrary to trembling aspen, the irradiance sensitivity of K lam in bur oak leaves was accompanied by apoplastic acidification (Voicu et al. 2009 ).
Since PTS 3 molecules are larger compared with those of water (Moon et al. 1986 ) and the apoplastic barriers in roots differentially affect the radial movement of water and PTS 3 (Zimmermann et al. 2000) , caution needs to be exercised when interpreting PTS 3 data. In the earlier study (Voicu and Zwiazek 2004) , although 90% of the pressure-infiltrated PTS 3 was retained by the roots, the increase in relative PTS 3 concentration was correlated with the reduced water flow and a concomitant decline in the abundance of aquaporin proteins. Trembling aspen leaves filtered about 10-40% of the pressure-infiltrated PTS 3 solution. When the leaves were exposed to high irradiance, PTS 3 concentration decreased slightly, suggesting a small increase in the rate of water flow through the cell-to-cell pathway ( Figure 5A ). When the tertiary veins were severed, there was a significant increase in PTS 3 concentration, likely reflecting an accumulation of the dye in leaf xylem of the lower order veins. The accumulation of apoplastic tracers in minor veins has been previously observed and suggested to indicate cell-to-cell movement of water across the bundle sheath cells (Canny 1995) . When mercury was added to the solution, there was a further decrease in the PTS 3 concentration of mercurytreated leaves ( Figure 5B ). If mercury decreases cell-to-cell water transport, an increase in the PTS 3 concentration would be expected (Voicu and Zwiazek 2004) . However, the results of the present study likely reflect binding of PTS 3 to the positive sites created by binding of Hg 2+ to the negatively charged cell walls, similar to that reported for Al 3+ in corn roots (Sivaguru et al. 2006) . Therefore, the PTS 3 results suggest that the movement of water under pressure in leaves is largely apoplastic while the changes in the cell-to-cell pathways are likely small. Similar results were also obtained for bur oak leaves (Voicu et al. 2009 ). In the present study, we cannot exclude the possibility that by the time the leaf exudates were collected under the high irradiance, the diffusion of PTS 3 out of the veins could have influenced the observed results. However, each light treatment did not last more than 20-30 min, which was enough to collect about 1 ml of leaf exudate. In transpiring grasses, PTS 3 can move rapidly across the suberized bundle sheath tissues (Eastman et al. 1988) , while the diffusion of PTS 3 out of leaf veins through the cell walls is likely a very slow process (Fitzgerald and Allaway 1991) . In the present study, the increase in the PTS 3 concentration caused by diffusion was probably taking place only after about 2 h of leaf infiltration ( Figure 5B ). Leaf developmental changes may have also affected the results of PTS 3 experiments. The PTS 3 mercury experiment ( Figure 5B ) was performed in mid-July, which was about 2-3 weeks later than the light PTS 3 experiment (Figure 5B) . Although the results of the two experiments are not directly comparable, we could still notice that, within an hour, the older leaves filtered more of the PTS 3 than the younger leaves. Ontogenic changes may be greater in the permeability of the cell wall than that of foliar protoplast , which could also affect the retention of PTS 3 within the leaf apoplast.
A number of studies showed that photosynthesis is coordinated with K leaf (Aasamaa et al. 2005, Brodribb and Holbrook 2003) . To test for the involvement of photosynthesis in regulation of K lam in trembling aspen, we used atrazine, an inhibitor of PSII (Hall et al. 1999 , Oettmeier 1999 . In the present study, atrazine produced a large decrease of the CO 2 uptake ( Figure 3A ) in trembling aspen leaves from both seedlings and mature trees. However, K lam was not affected regardless of the light intensity during K lam measurements (Figure 3) . In bur oak leaves, atrazine reduced both photosynthesis and the light-dependent increase in K lam within 60 min of its application (Voicu et al. 2008 ). In addition, photophosphorylation was suggested to play a role in leaf aquaporin regulation (Tyree et al. 2005) . The results here suggest that, in the short term (minutes), photosynthetic electron transport is not directly involved in the maintenance of K lam in trembling aspen leaves. However, long-term light deprivation of leaves may negatively affect all leaf transport processes. The stomata of trembling aspen are relatively unresponsive to changes in light, and leaves usually maintain high stomatal conductance during the day (Tobiessen and Kana 1974, Roden and Pearcy 1993b) . This allows trees for a faster photosynthetic induction response and a better utilization of sunflecks (Kirschbaum and Pearcy 1988, Roden and Pearcy 1993b) . In addition, leaf flutter in trembling aspen canopies creates a more dynamic crown light environment which benefits CO 2 fixation (Roden and Pearcy 1993a) . Maintenance of high g s , even in low light, requires a large amount of water to be transported through leaves. Therefore, it may be beneficial for trembling aspen trees to maintain high leaf hydraulic conductance under variable light and photosynthetic conditions. The present study showed that K lam was not affected by changes in light intensity or by the inhibition of photosynthetic electron transport. Consistent with trembling aspen adaptive strategy, the high capacity for water transport of trembling aspen leaves appears to be uncoupled from the photosynthetic electron transport and light intensity.
Correlation analysis of K lam with gas exchange parameters did not reveal consistent trends. For a few leaves with very low g s values, K lam was also very low. However, there was a large variation in K lam for the same g s . This is consistent with the interpretation that K lam measured by the HPFM method does not reflect stomatal opening except at very small stomatal apertures (Tyree et al. 2005) .
Trembling aspen leaves can experience negative pressures of −1.6 to −2.3 MPa before stomata start closing while osmotic potential at full turgor ranges from −1.43 to −1.97 MPa (Federer 1977 , Abrams 1988 . In the present study, we applied positive pressures of 0.3-0.45 MPa to infiltrate the leaves with different dilute aqueous solutions or distilled water and to measure K lam using the HPFM. Since during the uptake of NaF by transpiring shoots we observed a large inhibition of K lam , we later infiltrated leaves with different solutions. During pressure infiltration, the leaf physiological pressure and osmotic gradients and their heterogeneity across the leaf are likely overcome as the infiltrating solution replaces the native solution of the apoplast. However, showed that the HPFM method gives results comparable to the evapotranspiration method, which relies on transpiration as the driving force. The activation energy for water transport did not change in infiltrated leaves and non-infiltrated leaves, suggesting that the water pathway through the leaf was likely not affected by infiltration (Tyree and Cheung 1977) . Measurements of osmotic potential of the leaf exudates should be considered in the future. However, the concentrations of the infiltrating solution used in the present study ranged from distilled water and 0.1-0.5 mM for HgCl 2 and atrazine to 1 mM for NaF and 0.02% for PTS 3 . Pressure-infiltrated leaves at 0.2 MPa for at least 1 h with a solution of 1 mM cycloheximide decreased their K lam within 30 min to 1 h (Cochard et al. 2007 ). Infiltration of leaves at 0.2 MPa with solutions of 0.5 mM CaCl 2 or 20-40 mM H 2 O 2 or 0.5 mM CaCl 2 + 3 mM FeSO 4 for 1-2 h were also successfully used to probe the activity of aquaporins in leaves Steudle 2008, Ye et al. 2008) . However, given the leaves' heterogeneous nature as plant organs, improvements are needed to the methods that have been used to assess their hydraulic properties.
In conclusion, the results of the present study suggest that maintenance of high K lam in trembling aspen leaves is linked to the leaf metabolism and that it is uncoupled from shortterm variations in photosynthesis. The pressure-driven water flow in trembling aspen leaves appears to be largely apoplastic. Additionally, aquaporins in trembling aspen leaves appear to be either insensitive to mercury or they are largely bypassed by the pressure-driven water flow.
